ABSTRACT: PR104A is an experimental DNA-alkylating hypoxiaactivated prodrug that can also be activated in an oxygen-independent manner by the two-electron aldo-keto reductase 1C3. Nitroreduction leads to the formation of cytotoxic hydroxylamine (PR104H) and amine (PR104M) metabolites, which induce DNA mono and cross-linked adducts in cells. PR104A-derived DNA adducts can be utilized as drugspecific biomarkers of efficacy and as a mechanistic tool to elucidate the cellular and molecular effects of PR104A. Toward this goal, a mass spectrometric bioanalysis approach based on a stable isotope-labeled adduct mixture (SILAM) and selected reaction monitoring (SRM) data acquisition for relative quantitation of PR104A-derived DNA adducts in cells was developed. Use of this SILAM-based approach supported simultaneous relative quantitation of 33 PR104A-derived DNA adducts in the same sample, which allowed testing of the hypothesis that the enhanced cytotoxicity, observed by preconditioning cells with the transcription-activating isothiocyanate sulforaphane, is induced by an increased level of DNA adducts induced by PR104H and PR104M, but not PR104A. By applying the new SILAM-SRM approach, we found a 2.4-fold increase in the level of DNA adducts induced by PR104H and PR104M in HT-29 cells preconditioned with sulforaphane and a corresponding 2.6-fold increase in cytotoxicity. These results suggest that DNA adduct levels correlate with drug potency and underly the possibility of monitoring PR104A-derived DNA adducts as biomarkers of efficacy.
■ INTRODUCTION
DNA alkylating agents have been used in the clinic for more than 60 years for the treatment of cancer and are still considered first-line medication. 1−3 Their mode of action involves covalent modification to DNA by forming genotoxic DNA adducts that can interfere with replication of cells, especially in rapidly dividing cancer cells. However, a drawback is the typically poor selectivity of these drugs to target cancer cells, which usually results in a wide range of side effects in normal cells of treated patients and arises from processes that are often poorly understood. The use of drug combinations is a common strategy to limit the dose required for each single agent. In addition, reduction of unwanted toxicity can be achieved by developing drugs that are selectively activated by conditions prevalent in cancer, but not in normal tissues such as hypoxia, 4−6 aberrant expression of metabolic enzymes, 7 or oxidative stress. 8 PR104A is an experimental DNA-alkylating hypoxia-activated prodrug (HAP). 9 This drug is administered as the corresponding phosphate ester PR104, which is systemically hydrolyzed to the alcohol prodrug PR104A. PR104A undergoes metabolic nitroreduction to generate cytotoxic hydroxylamine (PR104H) and amine (PR104M) metabolites (Scheme 1). One-electron reductases such as CYPOR, MTRR, NDOR1, and NOS2A mediate this activation in a process that is inhibited by the presence of oxygen. 10, 11 In fact, the initial radical that results from this reduction (1, Scheme 1) can be reoxidized by oxygen, whereas under hypoxic conditions, further reduction generates the two major metabolites PR104H and PR104M. These metabolites induce cross-links in DNA. 9, 12, 13 It has been found recently that PR104A also can be activated in an oxygen-independent manner by the two-electron aldoketo reductase 1C3 (AKR1C3, Scheme 1).
14 Evidence for PR104A activation by AKR1C3 includes correlation of protein expression and oxic metabolism of PR104A 14, 15 and enhancement of PR104 antitumor activity in AKR1C3-negative tumor xenograft models engineered to overexpress AKR1C3. 14, 16 In a recent study, preconditioning of HT-29 colon cancer cells with a low nontoxic dose of sulforaphane (SF), an isothiocyanate from cruciferous vegetables with the ability to induce xenobiotic-metabolizing and antioxidant enzymes, 17 up-regulated the level of 18 proteins. Among them, AKR1C3 was seven-fold more abundant in SF-treated cells. 18 SF-preconditioning prior to PR104A treatment sensitized HT-29 cells to PR104A and decreased the EC 50 for cell death by a factor of 3.6 but did not sensitize the immortalized, nontransformed normal human colonic epithelial cells (HCEC). 18 The study focused on the relationship between AKR1C3 levels and cytotoxicity, but the impact of SF on DNA damage induced by PR104A was not investigated. 18 There is clear evidence that DNA interstrand cross-links contribute to PR104A cytotoxicity, as demonstrated by increased sensitivity of cell lines with genetic defects in crosslink repair 19−21 and correlations between cytotoxicity and cross-link formation as determined by the alkaline comet assay in cell lines in vitro and in xenografts. 12 However, these studies also demonstrated that in cell lines with low rates of metabolic activation of PR104A, cytotoxicity is not accounted for by cross-link formation. Thus, more direct methods for quantitation of DNA damage by PR104A are needed to better understand its mode of toxicity. As an initial step, we recently developed a high-resolution/accurate-mass (HRAM) LC−MS 3 DNA adductomic 22 method for screening for PR104A-derived DNA adducts. 13 Both mono and cross-linked DNA adducts induced by the two metabolites, PR104H and PR104M, and by direct alkylation of DNA by PR104A were identified in DNA extracted from cancer cells treated with PR104A. 13 However, to our knowledge, an approach for quantifying PR104A-derived DNA adducts in biological samples does not exist.
Studies involving the application of a strategy for quantifying PR104A adducts are expected to lead to improved understanding of the selectivity factors driving the efficacy of metabolism-activated DNA alkylating agents. Therefore, a goal of this study was to quantify PR104A-derived DNA adducts in cells and evaluate how factors that modulate the responsiveness of cells are reflected in DNA adduct profiles. The strategy was based on the creation of a stable isotopelabeled adduct mixture (SILAM) as a reference standard by enzymatic reduction of PR104A in the presence of DNA. It was used as an internal standard for relative quantitation of adducts by stable isotope dilution mass spectrometry. The SILAM was generated and characterized, and its use as reference standard was validated by measuring adduct levels in purified DNA and in DNA extracted from cells treated with PR104A. LC−MS analysis using the SILAM was carried out via a selected reaction monitoring (SRM) approach targeting 19 DNA adducts induced by PR104A and its metabolites PR104H and PR104M previously detected in cells via DNA adductomic screening. We used the SILAM-SRM approach to test the hypothesis that enhanced cytotoxicity observed by SFpreconditioning of HT-29 cells is induced by increased level of DNA adducts by measuring their levels in colon cancer cells preconditioned with SF.
■ MATERIALS AND METHODS
Chemicals. PR104A was purchased from Albany Molecular Research, Inc. (Albany, NY). D 4 -PR104A was prepared as previously described. 23 R-sulforaphane was purchased from LKT Laboratories (St. Paul, MN). PR104A, d 4 -PR104A, and sulforaphane stocks were prepared in DMSO or CH 3 OH. Calf thymus DNA (ctDNA) was purchased from Worthington Biochemical Corporation (Lakewood, NJ). AKR1C3 was purchased from United States Biological Life Sciences (Salem, MA). The reference standard [pyridine-
6 -POB-dG) was prepared as previously described (isotopic purity, 98 at. %D). 24, 25 All the other chemicals and enzymes were purchased from SigmaAldrich. Cell culture medium and supplements were purchased from Invitrogen (Life Technologies, Switzerland). All solvents used for high performance liquid chromatography (HPLC) and MS analysis were of the purest grade commercially available (≥99.9%).
Cell Culture. HT-29 cells were obtained from the Leibniz-Institute DSMZ GmbH in January 2012 (Braunschweig, Germany). HT-29 cells were grown in DMEM medium with glutaMAX containing 10% fetal bovine serum and 1% penicillin/streptomycin. Immortalized normal diploid human colonic epithelial cells (clone HCEC1CT, abbreviated HCEC) were obtained in August 2011 from Prof. Jerry Shay and grown in a humidified incubator containing 5% CO 2 at 37°C
. The two cell lines have regularly been confirmed to be mycoplasma free by a luminescence detection assay (MycoAlert mycoplasma detection kit, Lonza, Switzerland).
Full details regarding cytotoxicity analysis, reactions of ctDNA with PR104A or d 4 -PR104A, validation experiment, and quantitation of dGuo by HPLC for this study can be found in the Supporting Information.
Influence of SF-Preconditioning on DNA Adduct Levels in Cells. Cells were seeded in six-well plates at a density of 5.0 × 10 5 cells/well and were allowed to attach overnight. Afterward, the medium was replaced with fresh medium containing a final concentration of 2.5 μM SF or 0.1% DMSO (solvent control). After 48 h, the medium was removed, the wells were washed with PBS, and cells were treated with medium containing a final concentration of 150 μM PR104A or 0.1% DMSO (solvent control) and incubated at 37°C for 4 h. Thereafter, the DNA from intact cells was isolated by extraction with a DNA isolation kit for cells and tissues (Roche, Switzerland). In short, cells were washed with PBS and scraped to one side of the well using a scraper. Lysis buffer (750 μL) was added to each well, cell lysates were collected and sonicated with a Vibra-Cell Sonicator (Sonics, CT) using the following conditions: 40% amplitude, 15 cycles at 10 s on and 15 s off. One microliter of proteinase K solution was added to the cell lysates, and samples were incubated for 1 h at 65°C. Samples were allowed to cool to room temperature, 50 μL of RNase solution was added, and samples were incubated at 37°C for 1 h. Care should be taken in removing RNA from the sample since adducts from the bases common to DNA and RNA are indistinguishable. A sample of 330 μL of protein precipitation solution was added and samples mixed vigorously, cooled on ice for 5 min, and centrifuged at 16 900g for 4 min to form a protein pellet. Supernatants were transferred in clean 2 mL Eppendorf tubes, and 1 mL cold isopropanol was added. Samples were gently mixed until the DNA pellet was visible and centrifuged at 4°C, 16 900g for 10 min. Supernatants were removed without disturbing DNA pellets, which were washed with 1 mL cold EtOH by centrifugation. The resulting DNA pellets were allowed to dry at room temperature for 30 min. DNA was dissolved overnight in 100 μL of nuclease-free water. DNA concentrations of the resulting solutions were determined with a NanoDrop 1000 spectrometer (Thermo Scientific, Waltham, MA). The 10 mM Tris-HCl/5 mM MgCl 2 buffer (pH 7) was added to a final volume of 900 μL. Samples were spiked with the SILAM (1.5 μL) and thermally hydrolyzed at 80°C for 1 h. The sample containing the highest amount of DNA was used as reference to calculate the units (U, corresponding to the amount of the enzyme that catalyzes the conversion of 1 μmol of substrate per min) of enzymes for enzyme hydrolysis. Then 600 U/mg DNA of DNase I was added, and samples were incubated overnight at 37°C. Afterward, additional DNase I (600 U/mg DNA) was added together with phosphodiesterase I (20 mU/ mg DNA) and alkaline phosphatase (240 U/mg DNA), followed by incubation at 37°C overnight. The enzymes were removed by centrifugation using a Centrifree ultrafiltration device (MW cutoff 30 000 atomic mass unit (amu); Merck Millipore, Cork, Ireland). An aliquot (60 μL) was taken from each sample for the analysis of deoxyguanosine (dGuo) by HPLC. A solution of the same buffer and enzymes was used as a negative control. Hydrolysates were purified by solid-phase extraction (SPE) on a Strata-X cartridge (30 μm, Phenomenex, Torrance, CA). Cartridges were preconditioned with 3 mL of CH 3 OH and 1 mL of H 2 O. The samples were loaded on the cartridge, washed with 1 mL of 40% CH 3 OH, and eluted with 600 μL of 80% CH 3 OH in H 2 O. The eluted fractions were evaporated to dryness and stored at −20°C. Prior to LC−MS analysis, samples were dissolved in 20% CH 3 OH in H 2 O to a final volume of 10 μL. All steps of the protocol were performed using silanized glass tubes.
Chromatography (for LC−MS). Corresponding to DNA amounts ranging from 1−8 μg (cell samples) or 15−50 μg (ctDNA samples), 0.5, 2, or 5 μL of hydrolyzed, SPE-purified, and reconstituted sample was injected onto a nanoACQUITY UPLC (Waters Co., Milford, MA) system equipped with a 5 μL injection loop. Separation was performed with a capillary column (75 μm ID, 10 cm length, 15 μm orifice) created by hand packing a commercially available fusedsilica emitter (New Objective, Woburn MA) with 5 μm Luna C18 bonded separation media (Phenomenex, Torrance, CA). The flow rate was 1000 nL/min for 5.5 min, then decreased to 300 nL/min with a 50 min linear gradient from 2−50% CH 3 CN in 5 mM NH 4 OAc aqueous buffer (pH 5.5), an increase to 98% CH 3 CN in 3 min, with a 2 min hold and a 5 min re-equilibration at 1000 nL/min at 2% CH 3 CN. The injection valve was switched at 5.5 min to remove the sample loop from the flow path during the gradient.
Mass Spectrometry. Data-dependent CNL-MS n scanning with nanoelectrospray was carried out using an LTQ Orbitrap Velos instrument (Thermo Scientific, Waltham, MA). The nanoelectrospray source voltage was 2.0 kV, and the capillary temperature was 350°C. The ion focusing and transfer elements of the instrument were adjusted for maximum signal intensity by using the automated instrument tuning feature while the background ion signal of m/z 371.1 (decamethylcyclopentasiloxane) was monitored to create the tune file used for data analysis. The S-Lens RF level setting was 49%. Data-dependent MS 3 analysis was performed with repeated full scan detection followed by MS 2 acquisition and constant neutral loss triggering of MS 3 fragmentation. Full scan (200−2000 Da) detection was performed using the Orbitrap detector at a resolution of 60 000 (at m/z 400) with one microscan (one mass analysis followed by ion detection), automatic gain control (AGC) target settings of 1 × 10 6 , and a maximum ion injection time setting of 100 ms. MS 2 fragmentation was performed in the ion trap on the three most intense full scan ions listed in a parent mass list with Orbitrap detection at a resolution of 7500, AGC of 2 × 10 5 , one microscan, maximum ion injection time of 100 ms, and full scan injection waveforms enabled. The parent mass list was composed of 298 masses corresponding to [M + H] + ions of anticipated mono and cross-linked DNA adducts from reaction of the four DNA bases with PR104A, PR104H, PR104M, or the corresponding d4-analogues. MS 2 fragmentation parameters were as follows: 3 amu isolation width, normalized collision energy of 35, activation Q of 0.25, and activation time of 10 ms. Data-dependent parameters were as follows: triggering threshold of 10 000, repeat count of one, exclusion list size of 500, exclusion duration of 60 s, and exclusion mass width of ±5 ppm. MS 3 HCD fragmentation (2 amu isolation width, normalized collision energy of 35, activation time of 0.1 ms) with Orbitrap detection at a resolution of 7500 was triggered upon observation of neutral losses (±5 ppm) of 116.0474, 151.0494, 135.0545, 126.0429, and 111.0433 amu between the parent ion and one of the 50 most intense product ions from the MS 2 spectrum, provided a minimum signal of 1000 was observed. The following MS 3 parameters were used: one microscan, AGC target setting 2 × 10 5 , maximum ion injection time of 100 ms. All spectra were acquired using the background ion signal of m/z 371.10124 amu (decamethylcyclopentasiloxane) as a lock mass. Instrument sensitivity was checked before each analysis by injection of 10 fmol of labeled standard (d 4 -O 6 -POB-dG) and by integration of the observed peak in the extracted ion chromatogram of the exact mass of its parent ion.
For SRM scanning, samples were analyzed by nanoelectrospray in SRM mode on a TSQ Vantage instrument (Thermo Scientific, Waltham, MA). The nanoelectrospray source voltage was 1.6 kV, and the capillary temperature was 300°C. Q2 CID gas pressure, The tune file used for the analysis was created by maximizing signal at conditions similar to those present during DNA adduct elution (300 nL/min, 50% CH 3 CN, mass range 400−800 amu). Instrument sensitivity was checked before each analysis by injection of the same sample containing seven PR104A-induced DNA adducts and by comparison of the peak areas.
Statistical Analysis. A t test was used to verify whether SFpreconditioned and control samples were statistically significantly different from each other (GraphPad Prism 6).
■ RESULTS
Creation and Characterization of the Stable IsotopeLabeled Adduct Mixture (SILAM). The SILAM to be used for relative quantitation was generated by reacting purified DNA from calf thymus (ctDNA) with d 4 -labeled PR104A in the presence of AKR1C3 and NADPH. Following a 24 h reaction, the DNA was precipitated, the residual d 4 -PR104A removed by chloroform/isoamyl alcohol extraction, the DNA hydrolyzed, and the hydrolysate enriched by solid phase extraction. The resulting mixture then was characterized by a previously reported HRAM LC−MS n DNA adductomic approach. 13 Briefly, repeated full scan detection followed by MS 2 acquisition and constant neutral loss triggering of MS 3 fragmentation (data-dependent scanning) to confirm the presence of a DNA 
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Article abundances in the SILAM, estimated by integration of the peak areas, varied by three orders of magnitude between the most to the least abundant adducts (Figure 1 ). For example, the deaminated nucleoside monoadduct that resulted from cytosine alkylation by PR104A (m/z 635.1245, analyte 29 in Figure 1 ) was among the less abundant adducts, whereas the hydrolyzed monoadduct that resulted from N7-guanine alkylation by PR104A (m/z 496.1837, analyte 7 in Figure 1 ) was among the most abundant adducts present. Analytical Validation of SILAM. The SILAM-based method for relative quantitation of PR104A-derived DNA adducts was validated by comparing calculated and measured DNA adduct concentrations in samples obtained by diluting a single ctDNA sample that had been reacted with PR104A into four samples containing increasing amounts of DNA. All samples were spiked with the same amount of the SILAM, processed as described in the Materials and Methods section, and analyzed by LC−MS. Results of this quantitation validation experiment involving purified DNA are shown in Figure 2 for a representative DNA cross-link adduct (m/z 625) in samples analyzed with two different DNA adductomic approaches: the HRAM LC−MS 3 approach and a new developed SRM approach targeting 19 DNA adducts induced by PR104A, PR104H, or PR104M. For the PR104A-induced cross-linked DNA adduct, the slope and R 2 estimates were extrapolated and a very good correlation between calculated DNA concentration and measured adduct concentration was found for both LC− MS approaches used (Figure 2 ). In addition to the cross-link adduct of m/z 625, 8 versus 12 additional adducts were present in the ctDNA samples and quantified by the HRAM and SRM approaches, respectively (structures, correlation plots, slopes, and R 2 values for these adducts can be found in Figures S2−S4 in the Supporting Information). These adducts comprised mono and cross-linked adducts induced by the two metabolites or by direct alkylation by PR104A. For all these adducts and for both the analytical approaches (HRAM vs SRM), as expected, a very good correlation was found between calculated DNA and measured adduct concentrations (slope and R 2 estimates ranged from 0.92−1.12 and 0.97−1.00 for the HRAM validation, and from 0.98−1.16 and 0.89−1.00 for the SRM targeted validation, Figures S2−S4) .
Because of the higher number of adducts detected and the ease of use and sensitivity of quantitation of triple quadrupole instrumentation operating in SRM mode, we decided to use this system with the SILAM for relative quantitation. Thus, the accuracy of quantitation of this approach was evaluated for DNA extracted from PR104A-treated cells. In an analogous experiment to that performed with purified DNA, HT-29 cells were treated with PR104A (500 μM final concentration), and the DNA was extracted and divided into two samples with one containing 50% more DNA than the other. These samples were spiked with the same amount of the SILAM, the DNA adducts enriched by solid phase extraction, and samples were analyzed by nanoLC−ESI−MS/MS in SRM mode. A total of eight DNA adducts induced by PR104A and PR104M were quantified. Deviations of the measured DNA adduct concentrations from the calculated DNA amounts were between 0.6 and 5.5% (Table S1) .
Profiles of PR104A-Derived DNA Adducts in Cells Preconditioned with Sulforaphane (SF). The newly developed SILAM approach was used to compare levels of PR104A-derived DNA adducts in colon cancer cells preconditioned with SF. First, the experiments demonstrating increased sensitivity of HT-29 cells for PR104A treatment upon SFpreconditioning and the lack of alteration in sensitivity of HCEC cells, which was observed previously, were repeated, and the results confirmed ( Figure S5) . 18 There was an increase in sensitivity of HT-29 cells toward PR104A (EC 50 value 20.5 μM vs 7.9 μM for the nontreated vs SF-treated cells), which represented a 2.6-fold decrease, while there was no change in the case of HCEC cells ( Figure S5) . However, the relationship between adduct formation and the positive interaction of SF and PR104A was unknown.
PR104A-derived DNA adducts were therefore quantified in HT-29 and HCEC cells preconditioned with a SF concentration corresponding to the EC 10 value derived for SF in HT-29 cells when individually tested. The analysis was performed by spiking the samples containing DNA extracted from HT-29 or HCEC cells preconditioned with SF and treated with PR104A with the SILAM prior to hydrolysis and DNA adduct enrichment by solid phase extraction. The analysis was performed in SRM mode targeting 19 PR104A-, PR104H-, and PR104M-induced DNA adduct masses. The relative amount of each DNA adduct was calculated by dividing the ratio of the peak areas corresponding to the unlabeled and labeled adducts by the total DNA concentration of each sample. The total DNA was determined by quantitation of 2′-deoxyguanosine (dGuo) by HPLC. Negative control samples were samples containing buffer and enzymes used for the DNA hydrolysis and a sample containing DNA extracted from cells treated with SF only. None of the 19 targeted adducts was observed in these samples.
A total of seven mono and cross-linked DNA adducts resulting from PR104A, PR104H, or PR104M were observed and quantified in both cell lines (Figure 3) . Some adducts were detected in both cell lines (m/z 462, 711, 492, 510, 625, and 741), whereas two adducts could be detected in one cell line only (m/z 695 in HT-29, and m/z 476 in HCEC, Figure 3) . DNA adducts detected included both mono and cross-linked adducts from PR104A (m/z 476, 492, 510, 625, and 741) and its reactive PR104H and PR104M metabolites (m/z 462, 695, and 711, Figure 3C ). SF-preconditioning of HT-29 cells increased the amount of DNA adducts induced by the two metabolites PR104H and PR104M, but not of the DNA adducts resulting from direct alkylation by PR104A ( Figure  3A ). This increase was statistically significant for two of the metabolite-induced DNA adducts quantified in HT-29 cells ( Figure 3A) . On the other hand, no alteration of metaboliteinduced DNA adduct levels upon SF-preconditioning was observed in HCEC cells ( Figure 3B ). These data support a direct role of DNA adducts in PR104A toxicity and, moreover, support a mechanistic model for the basis of how SFpreconditioning sensitizes HT-29 cells.
■ DISCUSSION
A potential strategy to further our understanding of the mechanism of action of the prodrug PR104 and to support biomarker-based personalized strategies for its clinical use involves using DNA adducts as drug-specific biomarkers of efficacy. DNA adducts have been used as mechanism-based biomarkers of exposure to carcinogens for hazard identification and risk assessment and for the estimation of human exposure to occupational, environmental, and dietary chemicals. 26 Examples of anticancer drug classes for which the relationship between DNA adducts and response were studied in vitro and in vivo include platinum-based drugs, nitrogen mustards, and minor groove binding agents. 27 The advantage of monitoring drug−DNA adducts as biomarkers of efficacy relies on their drug-specificity and stability in DNA. The challenge relies on the ability to identifying and quantifying them in biological samples since DNA adducts are usually present in animal and human tissues in extremely low abundance compared to unmodified nucleobases (on the order of 0.01−10 adducts per 10 8 unmodified nucleobases if induced by carcinogens, 20, 21 and on the order of 1−1000 adducts per 10 8 unmodified nucleobases if induced by anticancer drugs). In this study, a DNA adductomic approach for the quantitation of previously detected PR104A-derived DNA adducts 13 in cells was developed and validated for allowing relative quantitation of PR104A-DNA adducts in purified DNA and in DNA extracted from cells treated with PR104A. With the developed approach, DNA adduct levels were measured in cells preconditioned with the bioactive food compound sulforaphane (SF), and the relationship between PR104A-derived DNA adducts and cell viability response in vitro was investigated. We found a ∼2.4-fold increase in the level of DNA adducts induced by the two metabolites PR104H and PR104M in SF-preconditioned HT-29 cells. This increase was in good agreement with the 2.6-fold increase in cytotoxicity in HT-29.
To circumvent limitations to rapid development and validation of DNA adduct monitoring strategies for clinical applications, we used an unconventional strategy for adduct quantitation that does not require synthesis of labeled standard for each adduct, but rather involves the creation of a stable isotope-labeled adduct mixture (SILAM). Quantitation of DNA adducts usually involves spiking the samples at an early stage of the sample preparation with a chemically synthesized stable isotope-labeled internal standard of a DNA adduct of interest. 28 The isotope-labeled internal standard accounts for losses occurring during sample preparation, ion suppression from the sample matrix, and instrument variability during LC−MS analysis. 28, 29 Addition of a known concentration of the stable isotope labeled standard allows one to calculate the accurate concentration of the adduct of interest in the sample, which results in absolute quantitation. 28 Absolute quantitation approaches depend on the availability of stable isotope labeled internal standards for adducts of interest, the synthesis of which can be time-consuming and challenging depending, for example, on adduct structure and stability and on the cost of the stable isotope-labeled starting material. The results described herein demonstrate that using a SILAM reference standard can allow for the simultaneous relative quantitation of several PR104A-derived DNA adducts in the same sample and account for adduct losses during sample preparation and ion suppression from sample matrix during LC−MS analysis.
On the basis of triggered MS 3 fragmentation events for neutral loss of a DNA adduct feature, and absence of this fragmentation event in the control samples, the SILAM contained 33 detectable isotopically labeled mono and crosslinked DNA adducts induced by PR104A including adducts ascribed to alkylation by the metabolites PR104H and PR104M (Figure 1 ). The assignment of adducts as PR104A versus PR104H or PR104M adducts was on the basis of their accurate masses and fragmentation patterns. The composition of the SILAM suggests the potential for deriving relative amounts of up to 33 PR104A-derived DNA adducts simultaneously depending on whether they are present in biological samples. The use of SILAM for relative quantitation of PR104A-derived DNA adducts was demonstrated by the strong correlation between calculated and measured DNA adduct concentrations in a validation experiment involving PR104A-treated purified DNA and DNA extracted from PR104A-treated cells (Figures 2  and S2−S4, and Table S1 ).
The HRAM Orbitrap analysis used for the initial PR104A-adduct discovery work 13 also provided good relative quantitation in purified DNA samples spiked with SILAM, in which nine adducts from the list of target adducts were quantified. This result is comparable to the 13 adducts measured by triple quadrupole SRM-targeted analysis and is encouraging for future combined adduct discovery/relative quantitation investigations of this type. However, the SILAM triple quadrupole SRM-targeted approach provided for relative quantitation of more of the targeted adducts and is a simpler, more widely available technology and therefore was chosen for the evaluation of PR104A-derived adducts in treated cells. Its accuracy and precision was evaluated for DNA extracted from PR104A-treated cells, and the results further supported the suitability of the SILAM for relative quantitation of PR104A-derived DNA adducts (Table S1 ).
The SILAM-SRM approach has the potential to be used for monitoring DNA adducts induced by DNA alkylating drugs in patient samples. For this purpose, biological samples such as tumor biopsy, circulating cancer cells, and surrogate tissues could be collected from patients undergoing chemotherapy and DNA adducts analyzed by SILAM-SRM. Alternatively, the DNA adducts can be quantified by the SILAM-SRM approach in peripheral blood mononuclear cells or tumor biopsy isolated from patients treated with a microdose of the DNA alkylating drug, whereas another potential scenario for sensitivity testing might involve ex vivo exposure of cancerous or normal surrogate cells to the DNA alkylating drug with evaluation of adduct formation. 27 We further evaluated the method in the context of characterizing DNA adduct profiles in colon cancer cells preconditioned with SF prior to PR104A treatment. We previously reported that the increase in PR104A activity in HT-29 cells upon preconditioning with SF results from an increase in abundance and activity of the enzyme AKR1C3. 18 Increase in gene expression of AKR1C3, as for the other xenobioticmetabolizing and antioxidant enzymes modulated by SF, 30−32 is mediated by the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2). 33 Thus, SF reacts with cysteine residues of the Nrf2 repressor Keap1, which results in nuclear translocation of Nrf2 and binding of the transcription factor to DNA. 33 Higher amount of AKR1C3 is thought to increase the level of drug activation and the production of reactive hydroxylamine (PR104H) and amine (PR104M) metabolites, as demonstrated previously by analysis of the metabolites by LC−MS/MS in HCT116 cells engineered to express AKR1C3. 14 The expectation was that SF-induced AKR1C3 would lead to increased metabolite-induced DNA adducts; on the other hand, DNA adducts resulting from direct alkylation by PR104A should not depend on the level of AKR1C3. Therefore, we expected the levels of direct adducts to be invariant between SF-preconditioned and directly treated cells.
This model was indeed supported by the results of this study, in which preconditioning HT-29 cells with SF led to an increase in the levels of DNA adducts induced by the two metabolites PR104H and PR104M but did not affect the level of DNA adducts resulting from direct alkylation by PR104A ( Figure 3A) . The average increase in metabolite-induced DNA adducts relative to SF-untreated control in HT-29 cells (∼2.4 fold) matched closely the 2.6-fold decrease observed in the EC 50 value derived from the cell viability dose−response curve in HT-29 cells (Figure S5 ). Among the three SF-modulated metabolite-induced DNA adducts quantified in HT-29 cells, the one with m/z 462 was attributed to a hydrolyzed monoadduct induced by the reaction of PR104M with a guanine, whereas the other two adducts with m/z 695 and 711 were attributed to cross-linked adducts induced by PR104H with two adenines, and by PR104M with two guanines, respectively ( Figure 3C ). An evaluation of the individual contribution of these adducts to cytotoxicity and therefore a conclusion regarding which of these adducts are more biologically relevant for the observed cytotoxicity is challenging, due to the heterogeneity of DNA alkylation, that is, it is not possible to induce and observe the cytotoxic effects of one adduct at a time, rather all are formed in concert. Despite the ability of interstrand cross-links to prevent DNA strand separation and block DNA replication and transcription, 34 their formation is much lower than that of monoadducts. Therefore, the overall cytotoxicity may result from a combination of effects from mono and cross-linked adducts, and further research outside the scope of the current study, such as using cells with the selective capacity to remove particular adducts, would be of interest to resolve this open question.
Finally, it was anticipated that there would be no change in adduct levels when HCEC cells were preconditioned with SF given the slight AKR1C3 induction and no significant increase in AKR1C3 activity in these nontumorigenic colonic mucosal cells. 18 Again, this assertion could be confirmed ( Figure 3B ). To investigate reasons for different cytotoxicity responses in HT-29 versus HCEC cells, Erzinger et al. measured the cellular uptake of SF but found no significant differences in SF uptake between the two cell lines. Therefore, one may speculate that differences in induction of AKR1C3 in HT-29 and HCEC cells result from differences in the level of Nrf2, or in the ability to translocate Nrf2 into the nucleus to reach DNA. Nevertheless, the absence of change in adduct levels in HCEC cells upon SFpreconditioning measured in this study further supports the causative relationship between induction of PR104A-derived adducts and cytotoxicity.
■ CONCLUSIONS
In conclusion, we established in this study evidence for a direct relationship between SF-preconditioning of cells, the abundance of DNA adducts derived from the experimental nitrogen mustard prodrug PR104A, and PR104A cytotoxicity in a cancer and in a noncancerous cell line. This insight was enabled by the development of a stable isotope-labeled DNA adductomic approach involving SRM data acquisition for relative quantitation of DNA adducts induced by PR104A in cells. The analytical approach based on nanoLC−MS-SRM targeting and use of a SILAM reference mixture was useful to detect changes in the abundance of PR104A-derived DNA adducts at pharmacologically relevant levels. The results of the quantitation of PR104A-derived DNA adducts in cell lines suggest that these adducts contribute to PR104A potency, underlying the possibility of using them as biomarkers of efficacy to improve its chemotherapeutic selectivity and to stratify patients on the basis of their susceptibility to the drug. Moreover, the general DNA adductomic-SILAM approach could be adapted for relative quantitation of DNA adducts induced by any DNA alkylating agent using a stable isotope-labeled analog of the agent, but without preparation of individual labeled adducts, as a tool to support drug discovery and improve the efficacy of existing anticancer drugs.
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